We briefly review recent work exploring the effect of light sterile neutrino states on the neutrino magnetic moment as explored by the reactor and solar neutrino experiments.
I. INTRODUCTION
Several anomalous results, some more recent, of the neutrino experiments can be interpreted as consequences of the mixing of light sterile states with the active ones. The existence of such a light sterile neutrino indeed has many interesting consequences [1] . Sterile states cannot be produced in weak interactions, but they can in principle have sizable electromagnetic couplings through loop corrections in the effective Lagrangians. For both active and sterile states the electromagnetic coupling is usually expressed as neutrino dipole moments. In previous work [2] we elaborated on the effects of light sterile neutrinos on the effective electron neutrino magnetic moment measured at the reactors and showed that the kinematical effects of the neutrino masses are negligible even for light sterile neutrinos. Here we expand on that discussion by providing more details and also including measurements with other sources of neutrinos such as the Sun.
II. MASS EIGENSTATE NEUTRINO-ELECTRON SCATTERING
The differential cross section for scattering from neutrino mass eigenstate with mass m i to the mass eigenstate with mass m j is [2] 
We explore the folded differential cross section for three possible scenarios: m j = m h m i with m i → 0 , m i = m j = m h , and m i = m h m j with m j → 0 where m h is the heaviest of the mass eigenstates. For these three cases we plot the quantity i.e., the ratio of the folded differential cross section with non-zero mass to that with zero mass, in Figure 1 . Clearly even for neutrino masses which are quite large (m ν ∼ 10 keV) the folded differential cross section does not appreciably change from the massless neutrino limit and we can safely take neutrino masses to be zero in Eq. (1). In the limit m i ∼ 0 ∼ m j Eq. (1) takes the familiar form:
where κ ij is the magnetic moment in units of Bohr magnetons. From Figure 1 it can been seen that if one is interested in a large mass sterile state in the range (10 keV < m ν ≤ m e ) for the case of a light neutrino transforming into a heavy neutrino (left) or the case of a heavy neutrino transforming into a light neutrino (right) the folded differential cross section is actually reduced by the presence of a heavy neutrino mass state rather than enhancing the value to be more experimentally visible over the weak interaction background. Although the case of a heavy incoming and outgoing neutrino (center) does show an enhancement which gets consistently larger with heavier mass, the result still does not change significantly from the zero mass case.
It is interesting to note that for the case m i = m h m j with m j → 0 a divergence in the differential cross section exists for a given m i since the minimum initial kinetic energy of the neutrino goes to zero at
which can be seen from examining Eq. (3). However since the spectrum vanishes at this energy, this behavior is smoothed over in the folded differential cross section and therefore negligible.
III. STANDARD MODEL EFFECTIVE NEUTRINO MAGNETIC MOMENT WITH THREE FLAVORS
In experiments measuring the neutrino magnetic moment, one needs to take into account oscillations between the source and the detector over the distance L, leading to an incoherent sum of the individual cross sections [4, 5] :
where the final neutrino states are summed over since they are not observed in such experiments. Eq. (5) then becomes
where µ eff is the effective neutrino magnetic moment measured at a distance L from the neutrino source and written in units of Bohr magneton. In writing down Eq. (7) matter effects are ignored. If the matter is present, the factors e −iEj L should be replaced with the appropriate amplitudes calculated using the evolution equations for neutrino propagation in matter. If one considers active flavors only, in the case of reactor neutrinos this effective magnetic moment is given by
since at short distances the oscillating term can be ignored for active neutrinos, such as the case for the detectors of GEMMA [6] and TEXONO [7] reactor neutrino experiments measuring the neutrino magnetic moment. However if there is a fourth (sterile) state then it oscillates and changes the composition of the total flux by the time neutrinos reach the distances where detectors measuring electron recoil are placed [2] yielding
where we have assumed that neutrinos are Majorana particles. Clearly such sterile states can be repopulated by the scattering process. We are interested in the values for the reactor and solar effective magnetic moments predicted by the Standard Model (minimally extended to include a massive neutrino). For Dirac neutrinos this prediction is [8] 
For Majorana neutrinos only non-diagonal magnetic moments are permitted. In the case the CP-eigenvalues of the two neutrinos are opposite, the neutrino electric dipole moment is zero and the non-diagonal terms of the neutrino magnetic dipole moment are given by Eq. (11), multiplied by a factor of 2 [9] . Since the neutrino mass differences and all the mixing angles were recently measured with good accuracy, one can calculate the Standard Model prediction of the effective neutrino magnetic moment as a function of the smallest neutrino mass. For reactor experiments aiming to measure neutrino magnetic moment this prediction was calculated in Ref. [2] . In the case solar neutrinos, Super-Kamiokande collaboration searched for distortions to the energy spectrum of recoil electrons arising from magnetic scattering due to a nonzero neutrino magnetic moment. From the absence of a clear signal they conclude µ ν ≤ 3.6 × 10 −10 µ B at 90 % C.L. [10] . Here we present results for effective neutrino magnetic moment measured using solar neutrinos on Earth. We calculate
where A x is the amplitude of the flavor state ν x in the solar neutrino flux reaching the terrestrial detectors. The result for the Dirac neutrinos is given in Figure 2 as a function of the lowest neutrino mass. Standard model predictions for the Majorana neutrino magnetic moment as a function of the lowest neutrino mass is given in Figure 3 . These predictions are much lower than those for Dirac neutrinos. This is because in the Standard Model the diagonal contribution to the neutrino magnetic moment is dominant whereas the non-diagonal contributions are suppressed by a GIM-like mechanism (cf. Eq. 11).
From examining Figure 2 it is clear that the Standard Model prediction for the effective neutrino magnetic of solar and reactor neutrinos are identical for the case of a Dirac neutrino with m min in the range of 0.1 to 1 eV. In the lower mass range, a difference between solar and reactor neutrinos cannot be easily discerned from the effect of normal vs. inverted hierarchy. From Figure 3 it is evident that for the Majorana case the prediction of the Standard Model for the effective magnetic moment of solar neutrinos is always slightly higher than that for reactor neutrinos, but is still within the same order of magnitude. For both Dirac and Majorana neutrinos the Standard Model prediction is well below the experimental limit. 
IV. CONCLUSIONS
The light sterile neutrino explanation of the neutrino anomalies is debatable and clearly needs to be experimentally tested [12] . However, its broadest implications should also be explored. We presented a brief analysis of the impact of sterile states on the neutrino magnetic moment. The Standard Model prediction for this quantity is too small to be experimentally accessible in the foreseeable future. However, if indeed light sterile states that mix with the active ones are discovered and neutrino magnetic moment experiments measure a value larger than the Standard Model prediction, then unfolding contributions from active and sterile states will provide us another tool to uncover properties of neutrinos.
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